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Prevailing models of resistive switching arising from electrochemical formation of conducting
filaments across solid state ionic conductors commonly attribute the observed polarity of the voltage-
biased switching to the sequence of the active and inert electrodes confining the resistive switching
memory cell. Here we demonstrate equivalent, stable switching behavior in metallic Ag-Ag2S-Ag
nanojunctions at room temperature. Our experimental results and numerical simulations reveal that
the polarity of the switchings is solely determined by the geometrical asymmetry of the electrode
surfaces. By the lithographical design of a proof of principle device we demonstrate the merits of
simplified fabrication of atomic-scale, robust planar Ag2S memory cells.
PACS numbers: 73.63.Rt, 73.61.-r, 73.40.Sx
As ongoing miniaturization reaches the fundamental
limitations of silicon-based complementary metal-oxide-
semiconductor (CMOS) technology, the demand for al-
ternative material platforms delivering faster, smaller,
yet highly integrable logical and memory units is increas-
ing. Self-assembled nanostructures exhibiting tunable
electrical properties are primary candidates. Conduct-
ing nanofilaments formed or destroyed by reversible solid
state electrochemical reactions in ionic conducting media
situated between metallic electrodes have demonstrated
reproducible logical and non-volatile resistance switch-
ing random access memory (ReRAM) operations [1–16].
The resistance of such a two-terminal memristor [17], is
altered above a threshold bias (Vth) of a few hundred mV.
Nonvolatile readout is performed at V << Vth [18].
Nanofilament formation in solid state electrolytes [4, 7,
16, 19–35] are commonly attributed to oxidation, electric-
field-driven ionic migration and reduction, involving a
positively charged active electrode supplying the mobile
ions and a negatively charged inert electrode, where re-
duction can take place initializing the filament growth.
At opposite polarity, the filament is dissolved. While
offering extremely large ROFF/RON switching ratios, de-
vices operated in this regime can only perform at re-
duced switching speeds due to their fundamental RC lim-
itations. Once such a conducting channel is complete,
smaller but orders of magnitude faster resistance changes
can be observed in the metallic regime [15, 18, 36–40],
which is also in the focus of our present study.
The central question of our paper concerns the role of
the inert electrode and consequently, the polarity of the
set/reset transitions. Depending on the ionic mobility
and redox rates, nucleation and subsequent filament for-
mation have been observed either at the inert or at the ac-
tive electrode surfaces by in-situ methods [23, 31, 32, 41].
After an initial nucleation phase further reduction takes
place directly along the growing filament consisting of
the elemental metal of the active electrode. Thus, we
anticipate that resistive switching must also occur when
both electrodes are fabricated from the active material.
We propose that the polarity of the resistive switching
is determined by the local inhomogeneity of the electric
field, the latter reflecting the geometrical asymmetry of
the electrode surfaces with particular emphasis on the
narrowest region of the filament.
Single-component metallic junctions utilizing silver
[42] and aluminium [43] break junctions exhibit repro-
ducible resistive switching at cryogenic temperatures,
both relying on atomic rearrangements due to electro-
migration. Similar experiments were also carried out us-
ing nanofabricated gold nanowires [44] at room temper-
ature. While the operation speed of these devices were
(instrumentally) limited to 100 kHz, Ag-Ag2S-PtIr mem-
ristive nanojunctions were successfully demonstrated to
exhibit nanosecond switching times [39]. However, the
fabrication of such ultrafast, Ag2S based memory cells
would be considerably simplified if a single metallic com-
ponent could be utilized for both terminals of the devices.
Here we demonstrate stable resistive switchings in metal-
lic Ag-Ag2S-Ag nanojunctions created by an STM and
alternatively, in a mechanically controllable break junc-
tion (MCBJ) [45] setup. The observed set/reset transi-
tions exhibit a uniform polarity with respect to the initial
asymmetry of the junction geometry in agreement with
our molecular dynamical simulations. The latter reveal
the kinetics of filament growth and shrinkage under vari-
ous boundary conditions by taking into account electric-
field-driven activated ionic migration in the Ag2S matrix.
Based on these findings a proof of concept all-Ag on-chip
device fabricated by standard electron beam lithography
is testified to reliable memory operations.
The first set of experiments utilized an 80 nm thick Ag
layer deposited onto a Si substrate followed by a 5 min-
utes long sulfurisation performed at 60◦C resulting in a
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230 nm thick stoichiometric Ag2S cap layer on the pla-
nar Ag electrode [46]. Nanometer-scale junctions were
created between the Ag2S surface and a mechanically
sharpened 99.99% pure Ag wire of 0.35 mm in diameter
in STM geometry. Alternatively, Ag-Ag2S-Ag point con-
tacts were also established by the controlled rupture of a
99.99% pure Ag wire with a diameter of 0.125 mm in the
vacuum chamber of an MCBJ setup followed by a 20 min-
utes long in-situ sulfurisation carried out at 25◦C. During
the acquisition of the current-voltage (I-V) characteris-
tics the Vdrive low frequency triangular voltage output
of a data acquisition card was acting on the memristive
junction and on a variable series resistor RS as shown in
Fig. 1(b). The device’s current was monitored by a cur-
rent amplifier while the Vbias voltage drop on the junction
was determined numerically as Vbias = Vdrive−I ·RS. All
measurements were performed at room temperature.
Representative I-V traces obtained in the inherently
asymmetric STM geometry are displayed in Fig. 1. In
order to investigate the influence of the initial electro-
forming process on the direction of the observed resistive
switching, measurements were performed on nanojunc-
tions established with Ag tips, which were either nega-
tively or positively charged during approaching the Ag2S
thin films, as illustrated in Fig 1(a). After forming a
metallic contact, a triangular Vdrive voltage signal of the
same initial polarity was applied to record the I-V traces
over 10 periods. This was followed by a reversed phase
triangular Vdrive of another 10 periods as indicated in
Figs. 1(c) and 1(e). The corresponding I-V traces are
exemplified in Figs. 1(d) and 1(f). It is to be empha-
sized that all the four hysteresis loops share the same
direction of the resistive switchings, i.e., set (reset) tran-
sitions take place exclusively at positive (negative) biases
on the Ag film, independently of the bias polarity on ap-
proaching as well as of the initial field direction during
the voltage sweeps. This provides a strong experimen-
tal evidence that the polarity of the resistive transitions
in the Ag2S layer is solely determined by the inhomo-
geneity of the local electric field in the vicinity of the
conducting filament in accordance with the geometrical
asymmetry of the surrounding Ag terminals. In order to
gain a microscopic insight into the kinetics of field driven
filament evolution upon such biasing cycles and to un-
derstand the observed, robustly uniform polarity of the
resulting resistive switchings we performed atomic-scale
numerical simulations taking all-Ag electrodes with var-
ious boundary conditions into account.
The simulations were carried out on a two-dimensional
equilateral triangular lattice, where the lattice sites are
either empty or occupied by a silver ion or atom. The
time development is performed either by moving some
of the silver ions or atoms to their neighboring empty
site or by simulating a redox reaction, in which silver
ions and atoms located at an electrode surface are ex-
changed. First the electrostatic potential is computed
FIG. 1. (color online) (a) The scheme of the I-V measure-
ments performed in the STM setup. A constant bias ap-
proach of the tip is followed by voltage sweeps of alternat-
ing sign. By convention, a positive bias corresponds to a
positive voltage applied to the Ag layer with respect to the
STM tip. (b) The electrical circuit diagram of the biasing
setup. (c) A typical sequence of the triangular Vdrive signals
of 2.5 Hz. The junction is established in the presence of a
constant positive voltage of Vdrive = 100 mV (green). Resis-
tive switching behavior is investigated by a triangular Vdrive
starting with a positive polarity (green) which is reversed af-
ter 10 periods (magenta). (d) The corresponding hysteretic
I-V traces exhibiting a uniform switching direction as indi-
cated by the curved arrows. The straight arrows denote the
initial configurations. (e) Approaching at a constant negative
voltage of Vdrive = -100 mV (red) followed by a reversed se-
quence of Vdrive with respect to (c) (red and black). (f) The
corresponding I-V traces reveal identical directions of the hys-
teresis loops to those in (d). The displayed device resistances
are ROFF=38 Ω, RON=20 Ω (green), ROFF=63 Ω, RON=34 Ω
(magenta), ROFF=256 Ω, RON=51 Ω (red) and ROFF=49 Ω,
RON=23 Ω (black). RS=50 Ω and V
0
drive=0.25 V.
in each time step. This is followed by the calculation
of a transition probability for each possible change. Fi-
nally the changes are executed with the calculated prob-
abilities. The transition probabilities are computed as
min
(
1, ∆tτ e
− ∆EkBT
)
where ∆E is the energy cost of the
displacement or the redox reaction, 1/τ is the attempt
rate and ∆t is the duration of the time step. The ∆E
energy change depends on the participating atom’s or
ion’s interaction with its neighbors. In case of silver ions
it also depends on the electrostatic potential. The ion-
ion and ion-atom interactions are parameterized close to
room temperature in order to keep the silver ions suffi-
ciently mobile. The atom-atom interaction is set to be
strongly attractive enabling the growth of stable metal-
lic branches which resist to thermal diffusion. Further
3FIG. 2. Snapshots of initial silver filament formation within
the Ag2S layer at an asymmetric initial tip versus flat surface
arrangement of the Ag electrodes. The semi-transparent color
map indicates the electrostatic potential and the stream lines
visualize the electric field direction and magnitude across the
Ag2S layer. The left and right panels show the junction’s
evolution for negative and positive tip potential Vbias, respec-
tively, at identical initial geometries. The time evolution of
the filamentary structure can be followed from the top to bot-
tom panels. The complete structural evolution can be seen in
Animation 1.
technical details of the simulations are available in the
Appendix. We emphasize that the two-dimensional as-
pect of the above model along with the assumption of
a triangular lattice and the phenomenological transition
probabilities obviously cannot account for the rich variety
of the microscopic details present in real Ag2S nanojunc-
tions. Yet, the reduced computational requirements of
such a simplified model allowed the analysis of several dif-
ferent parameter sets and boundary conditions and thus
provided a deeper understanding on the actual tendencies
of electric field driven filament evolution at asymmetric
electrode configurations.
Figure 2 shows a typical simulated evolution of the
junction at negative and positive tip potentials (left and
right panels in Fig. 2, respectively). The structural de-
velopment can be followed from the top to bottom pan-
els. The initial asymmetrical arrangement, representing
an STM tip - flat surface setup, develops in time very
differently at opposite bias polarities. Figures 2(a) and
FIG. 3. (color online) Time evolution of a metallic silver junc-
tion bridging asymmetric Ag electrodes under opposite bias
voltages. The semi-transparent color map indicates the elec-
trostatic potential and the stream lines visualize the electric
field direction and magnitude across the Ag2S layer. The top
panels show identical starting geometries. The bottom pan-
els show the structure 1000 time steps later. The complete
structural evolution is provided in Animation 2.
2(b) demonstrate that at the initial phase of the fila-
ment formation the region of the most intensive struc-
tural changes are located at the apex of the tip, where
the electric field is the highest. At a negative tip po-
tential the silver atoms are being deposited on the apex
and a filament starts growing towards the bottom sur-
face. Figure 2(c) illustrates a dendritic filament growth
which is predominantly fueled by the oxidation of the
silver atoms of the bottom electrode located under the
filament. At a reversed polarity the tip gradually loses
its apex leading to an effective shrinking while opposite
filament growth starting from the flat surface toward the
tip is taking place [Fig. 2(d)]. Figures 2(e) and 2(f) show
the filament structures after establishing a metallic con-
tact between the electrodes. Figure 2(e) demonstrates
that the initial asymmetry of the contact is qualitatively
preserved, while dendritic features in the filament and a
shallow dip in the planar electrode also appear. These
qualitative features are in remarkable agreement with in-
situ experimental studies on the dynamics of nanoscale
metallic inclusions in dielectrics [23], where due to the
high redox rates and ion mobility [1] in stoichiometric
Ag2S, qualitatively similar filament growth was observed.
Next we study the relation of the preserved asymme-
try after complete filament formation to the observed,
robustly uniform polarity of the resistive switchings tak-
ing place between metallic OFF and ON states, corre-
sponding to our experimentally investigated configura-
tion [Fig. 1]. We performed simulations starting from
4FIG. 4. Simulated resistive switching upon a time-dependent
bias voltage. (a) Time dependence of the bias voltage. (b)
The corresponding resistance across the nanojunction. The
complete structural evolution can be seen in Animation 2. R0
is a normalization factor accounting for the two-dimensional
aspects of the simulation.
simplified asymmetric filament boundaries representing
an STM tip - flat surface setup as illustrated in Figs. 3(a)
and 3(b). Figures 3(c) and 3(d) demonstrate that under
the influence of a negative (positive) tip bias the diameter
of the filament increases (reduces) by time, in full agree-
ment with the observed polarities of the set/reset transi-
tions, underlining the fundamental role of the asymmet-
rical initial arrangement of the electrodes. The resulting
electric field profiles reveal that the high field regions are
located around the smallest cross-section of the contact,
so that resistive switching can occur due to the increased
probabilities of redox steps in the vicinity of the filament.
The simulated resistive states upon repeated biasing
cycles are shown in Fig. 4. The two-terminal resistance is
calculated from the bias voltage and the current through
the contact which is I ∼ − ∫ ∇u · dyˆ where the inte-
gration is over the horizontal cross-section of the two-
dimensional plane. Due to its reduced dimensionality,
our simple model is not expected to provide a quanti-
tative agreement with the experimentally observed resis-
tance values nor to account for the closing of the hystere-
sis loops upon a biasing cycle. Nevertheless, calculating
the two-terminal resistance by taking, as a rude estimate,
the bulk conductivity of silver and the narrowest (one-
dimensional) cross-section of the junction into account,
the basic qualitative features of the hysteretic I-V traces
can be reproduced.
In order to further verify the dominant role of the
geometrical asymmetry in the polarity of the resistive
switchings, we also performed experiments on sulfurized
Ag-Ag junctions established in an MCBJ arrangement,
as illustrated in the inset of Fig. 5. We note that our pre-
FIG. 5. (color online) Representative I-V traces recorded
in selected, independent junctions established in an MCBJ
arrangement by a 2.5 Hz triangular Vdrive voltage signal.
The straight arrows indicate the random initial configura-
tions measured after the creation of the junction at identi-
cal polarities. The hysteresis loops exhibit a random, uni-
form distribution of either clockwise or anti-clockwise direc-
tion. The upper (red) curve is vertically shifted for clar-
ity. ROFF=77 Ω, RON=45 Ω and RS=150 Ω (black trace),
ROFF=45 Ω, RON=25 Ω and RS=380 Ω (red trace). The
inset illustrates the MCBJ setup.
vious experiments [42] utilizing the MCBJ technique for
creating clean Ag-Ag atomic junctions at room tempera-
ture also reproduced the main features of the usually ob-
served resistive switching behavior which were attributed
to electromigration taking place finite bias. However, in
the absence of an ionic conductor layer these individual
characteristics were highly unstable in spite of the supe-
rior mechanical stability offered by the MCBJ technique
[45] over the one of an off-feedback STM setup.
Unlike in the STM setup, where the initial asymmetry
of the junction is largely predetermined by the differ-
ent shapes of the thin film and sharp tip electrodes, the
controlled rupture of a uniform wire is expected to re-
sult in a randomly oriented local asymmetry at the apex
of the nanojunction. In our present experiments stable,
hysteretic I-V traces exhibiting comparable, metallic ON
and OFF state resistances but opposite switching po-
larities were obtained after sulfurisation and controlled
re-connection of the freshly created Ag-Ag junctions, as
exemplified in Fig. 5. The statistical analysis of 10 identi-
cally prepared samples revealed a 50% probability of hav-
ing a set/reset transition at a given voltage polarity in-
dependently from the applied bias during re-connection,
providing an excellent agreement with our qualitative
scenario. When a stable sequence of I-V measurements
was followed by a complete rupture and re-connection
of the electrodes, the polarity of the subsequent switch-
ings were likely (>80%) to be identical to those obtained
previously, indicating that up to a certain degree of re-
establishment the asymmetry of the junction is mostly
determined by the first rupture and is robust against re-
5FIG. 6. Representative I-V trace recorded by a 2.5 Hz triangu-
lar Vdrive voltage signal in a planar Ag-Ag2S-Ag nanojunction
created by electromigration and subsequent sulfurisation of
an all-Ag lithographic structure. ROFF=279 Ω, RON=155 Ω
and RS=5 Ω. The inset shows the electron microscopy image
of the device after performing the I-V measurements. The
white scale bar in the lower right corner indicates 200 nm.
The convention of the bias voltage polarity is also shown.
peated mechanical reconfigurations.
Based on the above findings we studied resistive
switchings also in a series of prototype on-chip memory
devices illustrated in the inset of Fig. 6. The structure
mimicking the asymmetry of the STM arrangement was
patterned by standard electron beam lithography on an
amorphous, 140 nm thick SiNx substrate. The 100 nm
wide and 45 nm thick, electron beam evaporated silver
channel connecting the electrodes was further reduced
in its diameter by controlled electromigration in vacuum
conditions [47–49]. During the electromigration process
the junction was exposed to a series of 0.5 ms long voltage
pulses of increasing amplitude ranging from 10 mV to a
maximum of 300 mV. The sample’s resistance was moni-
tored during the 100 ms dwell time between the pulses by
acquiring low bias I-V traces. By repeating this method,
the typical starting resistance of 50 Ω could be increased
to 250 Ω. At this setpoint the bias was removed and due
to a self-breaking mechanism [50, 51] an approximately
1 nm wide gap opened at the narrowest cross-section of
the silver channel situated presumably close to the apex
of the triangular electrode, as suggested by the inset of
Fig. 6. This nanogap was then exposed to vaporized
sulfur at 60◦C at ambient pressure followed by the re-
connection of the electrodes by triangular voltage signals
up to 2 V amplitudes. An optimized, 3 minutes long
sulfurisation time resulted stable, hysteretic I-V traces
highly similar to those obtained by the previously dis-
cussed techniques, also reflecting identical switching po-
larities as exemplified in Fig. 6. This effect is attributed
to the formation of a few 10 nm long region of Ag2S
where filament formation and destruction can take place
between the electrodes during memory operations. While
the endurance of these very first proof of concept devices
were in the order of a few 100 cycles we believe that,
owing to their largely simplified structure and inherently
FIG. 7. 20 consecutive I-V traces acquired on stable nano-
junction configurations established in an STM setup (a),
MCBJ setup (b) and in a nanolithographic sample (c).
ROFF=32.6±3.3 Ω, RON=18.2±1.6 Ω (a), ROFF=77±5 Ω,
RON=45±1.8 Ω (b) and ROFF=279±15 Ω, RON=155±5 Ω
(c).
high mechanical stability, the future optimization of the
design and fabrication parameters is expected to enable
the reliable application of such memory architectures.
The reproducibility of the measured I-V traces at sta-
ble junction configurations are illustrated in Figs. 7(a),
7(b) and 7(c) for STM, MCBJ and lithographically de-
signed on-chip structures, respectively. The evaluated
average RON and ROFF values deduced from the curves
shown in Fig. 7(a) and their ∼10% relative standard de-
viation comply with those obtained in similarly estab-
lished PtIr-Ag2S-Ag nanojunctions [40] and are limited
by the long-term mechanical stability of our off-feedback
STM setup [18]. The superior mechanical stability of the
MCBJ setup over the one of the off-feedback STM is re-
flected in the reduced relative standard deviations of the
ROFF and RON values in Fig. 7(b). While the STM and
MCBJ setups were installed by implementing advanced
isolation techniques against mechanical vibrations, the I-
V measurements of the lithographic structures were car-
ried out in a mechanically undamped vacuum chamber
which was installed directly at the inlet of a turbomolec-
ular pump. Yet, the lowest dispersion of the ROFF and
RON values was achieved in this setup [Fig. 7(c)], demon-
strating the inherently high mechanical stability and ro-
bustness of our simplified on-chip design.
In conclusion, we investigated stable resistive switch-
ings in Ag-Ag2S-Ag nanojunctions lacking the conven-
tionally employed inert electrode. Our experiments per-
formed in the STM and MCBJ arrangements demon-
strated that the polarity of the set/reset transitions are
exclusively determined by the inhomogeneity of the lo-
cal electric field, arising from the geometrical asymmetry
present at the apex of the junction. Numerical simula-
tions taking activated ion migration and redox reactions
into account successfully reproduced the observed switch-
ing behavior also in the so-far-less-widely-investigated
metallic regime. The simulations also reveal that the
atomic re-arrangements responsible for the observed re-
sistive switchings only involve a small amount of silver
6ions situated in the vicinity of the junction’s narrowest
cross-section providing a key ingredient to ultrafast mem-
ory operation [39]. Our proof of principle experiments
demonstrate the merits of lithographically designed Ag-
Ag2S-Ag nanostructures as fast and highly integrable
memory cells. Additionally, by further optimization of
the nanometer-scale, planar on-chip design, an inherently
high mechanical stability is envisioned, whereas the uti-
lization of all-Ag electrodes makes the lithographical fab-
rication procedure uncomplicated.
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Appendix: The numerical simulations
In order to qualitatively investigate the silver filament
growth in Ag-Ag2S-Ag structures we performed atomic
scale two-dimensional lattice based simulations. The sim-
ulation is implemented on an equilateral triangular lat-
tice where a site can represent an empty site, a silver
atom or a mobile silver ion. The presence of sulphide ions
is taken into account as a screening medium reducing the
range of the silver ion interactions to nearest neighbor.
The microscopic development is driven by room tempera-
ture ionic diffusion and redox processes, the latter taking
place at the electrode surfaces. Similar filament growth
simulations have been done before in Ref. 52 utilizing
different theoretical models.
A typical equilateral triangular lattice used in the sim-
ulations can be recognized in Fig. A1 where the black
dots denote silver atoms, the red dots represent silver
ions. The lattice exhibits periodic boundary conditions
along the horizontal direction while the vertical bound-
aries are terminated by two layers of silver atoms set to V
and zero potentials on the top and bottom, respectively.
The lattice constant is set to a=3.85 A˚ which approxi-
mately corresponds to one real atom per site. The elec-
trostatic potential on each site is computed by solving the
Poisson’s equation ∇(r∇u) = −ρ/0 on the lattice. The
charges of the silver ions are considered to be screened,
therefore they are excluded from the electrostatic calcu-
lation. r = 1 is set to zero outside, whereas inside the
silver r = 1− i1.25× 105 is applied. The surface charge
density is computed from the potential as 4u = −ρ/0.
The time development is performed either by moving
some of the silver ions or atoms to their neighboring
empty site or by simulating a redox reaction, in which
silver ions and atoms located at an electrode surface are
exchanged. First the electrostatic potential is computed
in each time step. This is followed by the calculation of
a transition probability for each possible change. Finally
the changes are executed with the calculated probabili-
ties. The transition probability of a silver ion at site k+
moving to its neighboring empty site k◦ is computed as
[53]
wdiffk+,k◦ = min
(
1,
∆t
τ+
e
−
∆Ediff
k+,k◦
kBT
)
,
where ∆Ediffk+,k◦ is the energy change of the move, 1/τ+ is
the attempt frequency of the silver ion to jump and ∆t
is the duration of the time steps. The wdiffk•,k◦ transition
probability of a silver atom jumping from site k• to its
neighboring empty site k◦ is computed similarly using
∆Ediffk•,k◦ and 1/τ•. The transition probability for a redox
step, where a surface silver atom on site k• is oxidized
and a surface silver ion on site k+is reduced, is computed
as
wredoxk•,k+ = min
(
1,
∆t
τredox
e
−
∆Eox
k•+∆E
red
k+
kBT
)
,
where ∆Eoxk•+∆E
red
k+
is the energy change due to the oxi-
dation and reduction on site k• and site k+, respectively,
and 1/τredox is the redox reaction rate. The ∆t duration
of the time steps is chosen such that the typical transition
probability is much smaller than 1. The energy changes
are calculated as
∆Ediffk+,k◦ = µ˜k◦(Ag
+)− µ˜k+(Ag+)
∆Ediffk•,k◦ = µ˜k◦(Ag)− µ˜k•(Ag)
∆Eoxk• = µ˜k•(Ag
+)− µ˜k•(Ag) + µ˜ek′•
∆Eredk+ = µ˜k+(Ag)− µ˜k+(Ag+)− µ˜ek′+
where the electrochemical potential of a silver ion at site
k is
µ˜k(Ag
+) = γ++n
+
k + γ+•n
•
k + |e|uk,
where n+k and n
•
k are the numbers of silver ion and atom
neighbors of site k, respectively, γ++ and γ+• are the
interaction energies, |e| is the charge of the silver ion
and uk is the potential at site k. The electrochemical
potential for the silver atom is
µ˜k(Ag) = γ+•n+k + γ••n
•
k,
where the γ•• is the interaction energy between silver
atoms. The sites k′• and k
′
+ denote neighboring silver
7FIG. A1. Snapshot of initial silver filament formation within
the Ag2S layer at an asymmetric tip versus flat surface ar-
rangement of the Ag electrodes. The semi-transparent color
map indicates the electrostatic potential. The black (red) dots
represent Ag atoms (Ag+ ions) The grey dots denote empty
sites.
sites to k• and k+, respectively. They are chosen to pro-
vide the maximum probability for the given redox reac-
tion. The electron’s electrochemical potential on a sur-
face site is calculated as [54]
µ˜ek = EF − |e|uk −
ρk/|e|
g(EF )
,
where ρk is the charge density at the surface site k and
g(EF ) is the surface density of states in silver. The struc-
tural evolution of the contact is determined by the lo-
cations of the redox processes. The above formulae of
the chemical potential imply that the typical locations of
the redox reactions are determined by the average num-
bers of neighbors i.e., the ion concentration, and by the
surface charge density. The numbers of neighbors are
weighted with the interaction energies, therefore this con-
tribution is coupled to the energetics of the diffusion pro-
cess, whereas the surface charge density terms depend on
the metal properties.
The typical parameter values utilized in the
simulations were τ+/τredox=0.001, τ•/τredox=0.01,
γ++/kBT=3, γ+•/kBT=2, γ••/kBT=-20,
kBTg(EF )a
3
√
3 = 3 × 10−5, eV/kBT=10, and the
concentrations of mobile silver ions, c ≈ 1/3. Adjusting
the parameter values two extreme scenarios may take
place: the initial structure either explodes or no sig-
nificant change occurs during the simulated timescale.
Trying different parameter sets to avoid such extreme
outcomes, we found that resistive switching is a robust
phenomenon in the simulated memristor structures
FIG. A2. Color map of the surface charge density in the
arrangement of Fig. A1. The black (red) dots represent Ag
atoms (Ag+ ions). The grey dots denote empty sites.
which does not require fine tuning of the parameters.
Increasing the voltage bias or reducing the γ••/kBT
strength of the silver-silver interactions can lead to more
dendritic evolvement and also the structure more likely
explodes to a random mixture of atoms and ions. The
kBTg(EF )a
3
√
3 parameter provides a means to increase
the probability of redox reactions without tuning the
diffusion parameters.
A snapshot of the electrostatic potential and surface
charge density maps corresponding to a dendritic fila-
ment formation are displayed along with the underlying
lattice in high resolution in Figs. A1 and A2, respec-
tively. Two animation files are also added to the present
paper. Animation 1 shows the structural evolution dur-
ing silver filament formation in an asymmetrical tip - flat
surface electrode arrangement, as explained via the snap-
shots displayed in Fig. 2. Animation 2 shows the modula-
tion in the width of a completed metallic filament having
asymmetrical boundaries (as seen in Fig. 3) under bias
voltages of alternating sign.
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